Fluorescence correlation spectroscopy relies on temporal autocorrelation analysis of fluorescence intensity fluctuations that spontaneously arise in systems at equilibrium due to molecular motion and changes of state that cause changes in fluorescence, such as triplet state transition, photoisomerization and other photophysical transformations, to determine the rates of these processes. The stability of a fluorescent molecule against dark state conversion is of particular concern for chromophores intended to be used as reference tags for comparing diffusion processes on multiple time scales. In this work, we analyzed properties of two fluorescent proteins, the photoswitchable Dreiklang and its parental eGFP, in solvents of different viscosity to vary the diffusion time through the observation volume element by several orders of magnitude. In contrast to eGFP, Dreiklang undergoes a dark-state conversion on the time scale of tens to hundreds of microseconds under conditions of intense fluorescence excitation, which results in artificially shortened diffusion times if the diffusional motion through the observation volume is sufficiently slowed down. Such photophysical quenching processes have also been observed in FCS studies on other photoswitchable fluorescent proteins including Citrine, from which Dreiklang was derived by genetic engineering. This property readily explains the discrepancies observed previously between the diffusion times of eGFP-and Dreiklang-labeled plasma membrane protein complexes.
Introduction
The green fluorescent protein (GFP) and its genetically derived variants with distinct spectral properties are pivotal tools in biology, medicine and biophysics. Recent progresses in the molecular design of optically switchable fluorescent proteins (FPs) boosted the development of experimental schemes for improving microscopic imaging contrast, or for the application of optical super-resolution techniques [1] [2] [3] . Whereas the earlier generations of photoswitchable FPs suffered from poor photostability and significant spectral overlap of the ON-or OFF-switching and excitation wavelength ranges, these limitations were overcome by the development of the photoswitchable FP termed "Dreiklang" (DRK) by genetic engineering, in which -for the first time -ON-and OFF-switching as well as fluorescence excitation were spectrally well separated [4] . DRK should be ideally suited to resolve the situation of molecular crowding by statistical image reconstruction approaches such as STORM [5] . Crowding is a common phenomenon occurring e.g. upon transient expression of FP-labeled proteins for cellular localization studies in mammalian cells, which frequently suffer from the situation that the cells are flooded by FPs, thereby precluding accurate single molecule detection and localization.
Fluorescence correlation spectroscopy (FCS) is an important experimental tool for measuring diffusion, concentration, and molecular interactions of fluorescently labeled proteins in vitro as well as in living cells. At the same time, FCS can be used for determining the viscoelastic properties of the solvent surrounding the fluorophore, which are expected to be rather complex in the cell cytoplasm and in cellular membranes. In FCS, time traces of fluorescence intensity are recorded with high temporal resolution, which are then analyzed for self-similarity upon shifting the trace by different time delays τ, which results is the so-called autocorrelation function (ACF). The shape of the ACF is determined by different properties of the fluorescent molecules. Moreover, the shape of the ACF due to diffusion is determined by the molecule detection function (MDF), which quantifies the efficiency by which a photon emitted form a fluorescent molecule is detected and depends on the intensity distribution of the focused laser light, but also on the photophysics and the rotational diffusion of the fluorescent molecule [6] . In most of the practical applications of FCS, the MDF is assumed to have a three-dimensional Gaussian shape. However, real experimental situations frequently deviate from this simplistic approximation. On one hand, non-ideal characteristics of the experimental setup like optical saturation, coverslide thickness, refractive index mismatch, laser-beam geometry and pinhole adjustment can cause severe deviations from the idealized Gaussian profile [6, 7] . The influence of setup parameters on ACF curves has been studied in depth, both, theoretically and experimentally. Notably, Lehmann and colleagues have pointed out that e.g. diffractive index mismatch, if not properly taken into account, can give rise to autocorrelation curves that could be misinterpreted as arising from anomalous diffusion [8] . On the other hand, properties of the molecules under study such as fluorescence anisotropy, or limited stability of a fluorescent molecule against photophysical conversion to dark states can also affect the shape of ACF curves. Stability against dark state conversion is of particular concern, if a chromophore is to be used as a reference for processes, which occur on a similar time scale as the expected conversion time.
In this work, we wanted to clarify the effect of limited photostability of the fluorescent protein DRK on the shape of the ACF curves in FCS experiments. In a preceding paper, we had explored the use of DRK for monitoring the diffusion behavior of plasma membrane-embedded proteins by FCS using FP-labeled Na,K-ATPase expressed in human embryonal kidney (HEK293) cells [9] . Na,K-ATPase is a 160 kDa plasma membrane ion transporter [10] , which requires interactions with cellular matrix or cytoskeletal proteins for proper targeting, and these interactions should profoundly influence the diffusion behavior of the transporter in the cell membrane [9] . We found that the autocorrelation function of DRK-labelled Na,K-ATPase molecules expressed at the plasma membrane of HEK 293 cells showed significantly shortened diffusion times compared to eGFP-labeled Na,K-ATPase, although the diffusion times of purified or cytoplasmically expressed DRK were not different from those of eGFP [9] . We hypothesized that the significantly shorter diffusion time of DRKlabeled Na,K-ATPase arises from dark-state conversion of DRK if -by attachment to the large membrane protein complex -the diffusion time through the observation volume element is longer than the characteristic time constant of dark-state conversion [9] . To challenge the hypothesis that dark-state conversion already acts on the isolated DRK molecules within the characteristic diffusion time, we compared the autocorrelation functions of purified eGFP and DRK protein in aqueous solutions of different viscosity. Sucrose solutions are suitable for this purpose, since it is possible to cover an about 480-fold viscosity increase when using 70 % (w/w) sucrose solutions compared to water (Table 1) , thereby, theoretically, shifting the diffusion time by the same factor.
Materials and Methods
Molecular Biology. The production of Dreiklang and eGFP cDNA constructs and the plasmids used for protein expression in E. coli, the purification of the FPs from E. coli and transient transfection of HEK293 cells used for FCS studied followed procedures described in previous work [9] .
Fluorescence correlation spectroscopy. FCS measurements were performed using a 510 META Laser Scanning Microscope with a ConforCor 3 system (Carl Zeiss, Jena, Germany) as described previously [9, 11, 12] . For FCS measurements, the purified FPs (stored in PBS buffer: 8.0 g/L NaCl, 0.2 g/L KCl, 1.42 g/L Na 2 HPO 4 , 0.27 g/L KH 2 PO 4 pH 7.4) were diluted 1:1000-fold into aqueous solutions of increasing sucrose content (w/w ratio in %). Sucrose solutions were prepared at the indicated percentages (in % w/w) in PBS buffer. The physicochemical properties of aqueous sucrose solutions are given in Table 1 . All measurements were carried out at room temperature (22°C).
Calibration of the FCS setup was performed with Rhodamine 6G (R6G) dissolved in water based on the known diffusion coefficient of R6G (D = 2.8 × 10 −10 m 2 ·s −1 at 22°C, [13, 14] ). From the obtained diffusion time, the beam waist r 0 of the 488 nm and 514 nm laser line was calculated according to Eq. (2) below ( Table 1 ). The diffusion coefficients of R6G at different solvent viscosities were calculated according to Eq. was calculated using the viscosity-dependent diffusion coefficients as determined before (Table 1) . The experimentally obtained autocorrelation curves were analyzed by approximation with a model function, which includes a term for free diffusion in three dimensions, and another one that accounts for fast intramolecular dynamic processes, which e.g. result in reversible transition of excited molecules to non-fluorescent dark states, the so-called "triplet term" (see [9] for details). This leads to a modified autocorrelation function used for analysis of the data:
The autocorrelation function G 3d (τ) is expressed as the product of the autocorrelation function of the free diffusion in 3D G D,3d (τ) and the triplet term G R (τ). In this equation, τ D is the so-called diffusion time, i.e. the time it takes for a molecule to pass through the observation volume element (OVE):
The parameter F in Eq. (1) denotes the fraction of molecules in the non-fluorescent dark state and k R is the characteristic rate for the fluctuations between the fluorescent and the dark state. The radial dimension of the OVE (perpendicular to the beam axis) is denoted as r 0 , and the axial component as z 0 , both of which describe the 1 e 2 radius of the Gaussian intensity profile. D denotes the diffusion coefficient.
For organic fluorophores, the triplet term typically results in a shoulder of the autocorrelation curves at short correlation times τ (below 10 µs), but this part of the measured autocorrelation curves is frequently not shown or analyzed further.
The relation between the diffusion coefficient D and the hydrodynamic radius R 0 of a hypothetical compact sphere representing the diffusing molecule, and solvent viscosity η is given by the Stokes-Einstein equation for a certain temperature T:
The OVE is usually approximated by a prolate spheroid, whose volume is V e = π is defined as the "structure parameter", and only experiments, in which values between 5 and 7 were achieved, were considered suitable for analysis in this work.
For each fluorophore and condition tested, autocorrelation curves were determined in triplicate. Each curve was derived from twenty 10 s-long data traces, which were normalized to the same amplitude (G( 
Only for some presentations of the data (Fig. 2D ,E) the ACF curves are shown from 1 µs onwards, after normalization to the temporal average of G in the period from 8 × 10 −7 s to 1.2 × 10 −6 s.
Results and Discussion
The intention of this work was to investigate the ACF curves of eGFP and DRK in solutions of different viscosity using different amounts of sucrose to explore whether DRK undergoes dark-state conversion on time scales accessible by FCS studies. Since increasing sucrose content not only changes the viscosity but also the refractive index of the solution (Table 1) , distortions of the OVE are expected that could compromise the obtained ACF curves [6, 8] . It has been outlined that characteristics of the experimental setup such as optical saturation, cover-slide thickness, refractive index of the probe medium, laser-beam geometry, excitation wavelength as well as pinhole size and adjustment cause deviations from the idealized assumption of a Gaussian profile for the OVE [6, 7] . Theoretical calculations by Enderlein and colleagues [6] revealed that a change in refractive index from 1.333 (water) to 1.36 already results in a substantial decrease of the apparent diffusion coefficient. Since the refractive index of the solutions used in our study varied from 1.333 to about 1.47, substantial deviations between the observed diffusion times and theory are expected (see Table 1 ). In addition it is known that also non-photoswitchable molecules undergo dark state transitions during strong illumination, so that FCS in general does not monitor the undistorted translation of single molecules if dark state transitions and blinking occur on the same time scale as the expected diffusion times. Photoblinking can be induced by strong illumination upon transient population of non-or low-emissive states, such as excited triplet states [15, 16] or other reversible metastable species [17] . In GFP, especially the excitation intensitydependent formation of photoisomers contributes to intensity fluctuations in the µs and ms time regime [18, 19] . In particular, these effects give rise to ACF curves that are characterized by artificially short diffusion times, which could be misinterpreted as arising from anomalous diffusion. To delineate, at which solvent viscosities the observed diffusion times would be artificially shortened, we first carried out calibration measurements with Rhodamine 6G (R6G) at the two different excitation wavelengths (488 nm and 514 nm) that were going to be used for excitation of eGFP or DRK, respectively.
The diffusion times of R6G were obtained from fitting the measured ACF curves with the model function in Eq. (1). According to Eq. (2) and Eq. (3), the observed diffusion times of R6G should be proportional to the solvent viscosity (or proportional to 1/D, the reciprocal value of the diffusion constant at each viscosity), and any deviation from linearity should indicate a change in the size (and volume) of the OVE which might be artificially introduced by blinking. Calculations used the known diffusion coefficient of R6G in water [13, 14] and the viscosity of aqueous sucrose solutions as listed in Table 1 .
The autocorrelation functions of R6G in solutions of different viscosity upon excitation with 488 nm and 514 nm light are shown in Figure 1A , B. The increase of the diffusion time is clearly evident from the rightward shift of the autocorrelation curves with increasing sucrose content. The diffusion times of R6G determined thereof are plotted against the reciprocal value of the diffusion coefficients (1/D) of R6G in Figure 1C , which shows that the diffusion times of R6G increase linearly with 1/D up to sucrose contents of about 30%. At sucrose contents larger than 30%, the measured diffusion times from the ACF curves were shorter than the theoretically expected values, which results in artificially small values for the apparent beam waist r 0 (Table 1) . While this indicates that also R6G might undergo dark state conversion on the µs to ms time scale, these calibration measurements show that in solutions of up to 30% sucrose content the changes in the size of the OVE are small (in the range of 10%) and the measured diffusion times should reflect the hydrodynamic behavior of the molecules under study.
Next, the autocorrelation curves of purified eGFP and DRK in PBS buffer solutions of different sucrose content were determined, as shown in Figure 2A ,B using 488 nm excitation for eGFP and 514 nm for DRK, the latter being close to the optimal excitation wavelength of the DRK protein (see absorption and emission spectra of DRK in Supplementary Figure 2A,B) . The autocorrelation curves of eGFP in Figure 2A did not show large distortions compared to the analytic expression given by Eq. (1). At the largest sucrose contents (60% and 70%) the autocorrelation curves became noisier (compare green curves in Figure 2E,F) . All curves could well be fitted by the model function of Eq. (1), and the diffusion time constants of eGFP increased from (74 ± 2) µs in pure PBS buffer to (1645 ± 163) µs in PBS with 70% sucrose ( Figure 2C and Table 1 ). The autocorrelation curves of DRK generally appeared noisier than those of eGFP, already at low sucrose content (compare red and green curve in Figure 2E ), as noted previously [9] . Fitting the model function of Eq. (1) to the data resulted in diffusion times ranging from (84 ± 3) µs in pure PBS buffer to (885 ± 75) µs in PBS with 70% sucrose (Table 1 and Figure 2C) . Thus, for both FPs investigated, the increase of solvent viscosity causes a profound increase of the diffusion times, with significant differences between eGFP and DRK from 30 % sucrose content onwards. By tendency, the diffusion times of eGFP are larger than the ones of DRK, i.e. about 30% larger at 10-20 % sucrose and about 2-fold larger at sucrose contents above 30%. However, a direct comparison of the autocorrelation curves of eGFP and DRK (shown exemplarily for 0%, 20% and 60% sucrose content in Figure 2D ,E,F, respectively, and for all investigated sucrose contents in Supplementary Figure 1) shows clear differences between the shapes of the autocorrelation curves of eGFP and DRK at all solvent viscosities, but especially pronounced at high sucrose content.
It should be noted that a linear relation between diffusion time and solvent viscosity is expected according to Eq. (2) and (3). However, such a linear relation is only obtained in solutions up to about 30% sucrose for both FPs. This is in line with the previous calibration measurements using R6G as reference standard, which also showed a linear increase in R6G diffusion times in this range of solvent viscosities. To test that this difference was not due to the different optical settings or excitation wavelengths, autocorrelation curves of DRK were also measured with 488 nm excitation in a separate set of experiments, but no significant differences in diffusion times of DRK depending on excitation wavelength could be observed (data not shown).
Altogether, the determined diffusion times confirm the clear trend that, DRK exhibits shorter "apparent" diffusion Table 1 ). The dotted line indicates the theoretically expected behavior.
Figure 2:
Normalized and averaged autocorrelation curves of (A) purified eGFP (using 488 nm excitation) and (B) DRK (using 514 nm excitation) in different sucrose/PBS solutions indicated by different colors. Diffusion times determined from fitting the diffusion part of the shown autocorrelation curves are listed in Table 1 and depicted in (C) for eGFP (black squares) and DRK (red circles). Panels (D), (E) and (F) show a direct comparison of R6G (488 and 514 nm excitation), eGFP and DRK autocorrelation curves at 0% (D), 20% (E) and 60% (F) sucrose from Fig. 1A,B and (A,B) . Note, that the time scale in (D) and (E) starts from 1 µs, and in (F) from 10 µs.
times than eGFP, especially under conditions of slowed diffusion, when the diffusion times of eGFP are in the hundreds of microseconds range. This effect is independent from the wavelength used for DRK excitation. Since eGFP and DRK have nearly identical molecular weight and molecular structure, the observed differences obtained upon slowing down diffusion velocity by means of viscous media can only arise from different photophysical properties of eGFP and DRK. DRK apparently exhibits a photophysical dark-state conversion that occurs on the time scale of several hundreds of microseconds, which shows up as an artificially shortened diffusion time, as clearly visible from the distorted autocorrelation curves. Since essentially the same discrepancies have been found in FCS experiments between eGFP-and DRK-labeled Na,K-ATPase complexes in the plasma membrane of HEK 293 cells [9] , these results strongly indicate that the same photophysical mechanism may account for the observed differences.
The finding that DRK apparently undergoes a photophysical reversible dark-state transition (sometimes termed flickering or blinking), which shows up as a distortion of the autocorrelation curves in FCS measurements under conditions of slowed diffusion, is not an isolated observation. Such a behavior has frequently been noted for other FPs from the GFP family such as DsRed [20, 21] , eqFP611 [21] , Citrine [20] , mRFP1, mCherry, and mStrawberry [22] and Dronpa [23] using similar methodology as applied here, sometimes complemented by immobilization of FPs in gel matrices to completely prevent translational motion. The efficiency of such dark-state conversions was found to be strongly dependent on excitation intensity, which is also in line with our observations on DRK noted previously [9] . For some of the FPs under study, notably including Citrine, it has been shown that the dark-state conversion process is externally driven by protons [20] . Since DRK was derived from Citrine by genetic engineering, with a strong pH dependence of absorption and emission spectra (see Supplementary Figure 2A ,B and [4] ), which is accompanied by a profound pH-dependence of the fluorescence lifetimes (Supplementary Figure 2C,D) , it is likely that DRK has inherited the propensity for dark-state conversion from its Citrine ancestor, most likely with the same pH dependence. Thus, if DRK is aimed to be used as a label for FCS studies, the time scale of the investigated processes should not exceed some hundreds of microseconds, or measurements at more alkaline pH should be attempted. Otherwise, utilization of photophysically more stable chromophore labels is highly recommended for FCS studies spanning several orders of magnitude in time.
